I. INTRODUCTION
T HE ELECTRICAL energy industry is presently undergoing restructuring and deregulation in different parts of the world. This is expected to bring in more competition between utilities. So the improvement of power system operation efficiency is a requirement from the operational point of view. The available system will be pushed to its limits, and hence, maintaining system reliability will be of increasing importance. FACTS devices help in increasing the operational efficiency of power systems without affecting the reliability of supply. Series compensation devices like thyristor controlled series compensator (TCSC) and shunt compensation devices like static synchronous compensator (STATCOM) help in increasing the transient stability margin of power systems and thus provide means to operate the system near their limits. However, for large power systems, more than one compensator may be required to achieve the targeted performance. Therefore, detailed prior knowledge about the effect of simultaneous application of more than one FACTS device in different locations of a system is required.
Assessment of transient stability condition of the system is essential for understanding the effect of application of FACTS devices. The transient energy function (TEF) method is the standard tool used for this purpose. Analytical sensitivity of transient energy margin has been used to compute the stability limits of power systems in [1] . The effectiveness of individual FACTS compensators on transient stability has been studied using structure preserving energy margin sensitivity also in [2] . However, the TEF-based methods may become too complex when a detailed model, including FACTS device, is considered, and a number of parameters have to be taken into account. The computation of controlling unstable equilibrium point (UEP) may pose increased computational problems. Trajectory sensitivity (TS) has been proposed as an alternative to the TEF-based methods in [3] . Trajectory sensitivities can be computed numerically, which is a big advantage if dynamic models of devices are considered. Trajectory sensitivity in finding critical values of parameters, dynamic rescheduling of generation, as well as other applications have been reported in the literature [4] - [6] . A method to reduce the number of TS calculations is discussed in [7] .
Mathematical modeling and analysis of static compensator (STATCOM) is presented in [8] . It discusses the use of STATCOM in improvement of transient stability and power transfer. The TCSC can also be placed in one of the lines of a power system with suitable control scheme to improve the transient stability condition of the system [9] .
In this paper, TSA has been used to study the effects of FACTS controllers on the transient stability of a power system. Sensitivity with respect to fault clearing time has been considered. At first, a series compensator (TCSC) and a shunt compensator (STATCOM) are placed individually, and the post-fault stability condition is studied. The effects of variation in the locations of fault and FACTS devices as well as changes in the values of FACTS device parameters are studied. The TCSC is represented by a fundamental frequency lumped reactance model, the value of the reactance varying with the change in the firing angle. The STATCOM is represented by a voltage source, which is connected to the system through a coupling transformer. The voltage of the source is in phase with the ac system voltage at the point of connection, and the magnitude of the voltage is controllable. The current from the source is limited to a maximum value by adjusting the voltage. In the next step, two FACTS devices are placed simultaneously at two different locations of the system. The effects of individual shunt and series compensation and simultaneous compensation are compared. Effects of compensation in a stressed system are also studied. The systems under consideration are the three-machine, nine-bus WSCC system [10] and the IEEE 16-machine 68-bus system [11] . System load is considered as constant PQ. The method can be easily extended to handle other load models, like constant impedance, etc. 
A. Trajectory Sensitivity Analysis
Suppose a multimachine power system is represented by the set of differential and algebraic equations given as (1) where is the state vector, is a vector of algebraic variables, and is a vector of system parameters. Then the sensitivities of state trajectories with respect to system parameters can be found by perturbing from the nominal value of . The equations for TS can be found as [3] (2) where and are the sensitivities. Solving (1) and (2) simultaneously, we get and the sensitivities and . However, the TS can also be found in a simpler way by using a numerical method. Let us choose one scalar parameter and compute the sensitivities with respect to it. Two values of are chosen (say, and ), and the corresponding state vectors and , respectively, are computed. Now the sensitivity at is defined as (3) By taking small, the numerical sensitivity is very close to the analytically calculated trajectory sensitivity value.
B. Multimachine Power System Model
Consider an -bus, -machine system with the machines represented by classical model (i.e., a voltage of constant magnitude behind the transient reactance of the machine). The buses are numbered 1 to , and the internal nodes of the machines are represented by to . The swing equations are given as [12] for (4) (5) where is the per unit speed deviation, is the inertia constant, is the synchronous speed, is the number of machines, the mechanical power input in per unit, ) are the bus voltages in per unit, and ) are the phase angles in radians. Here are the 's, the angular positions of the rotors and are the constant magnitudes of internal voltages of the machines. The dynamics of the network and the stator windings are neglected, and the network is represented by a set of algebraic equations for (6) (7) where and are the network transfer conductance and admittance, respectively. These are obtained from the augmented matrix where the admittance corresponding to the transient reactance of the machines are included along with normal . and are the real and reactive powers loads, respectively, at the th bus [10] , [13] .
C. Quantification of TS and Its Implication
The state variables for the power system (described in the previous subsection) are the generator rotor angle and rotor speed deviation . Sensitivity of these state variables with respect to any parameter can be computed as in (3) . For angular stability study, relative rotor angles are considered instead of individual rotor angles. Generally one of the generators with large inertia (say, the th one here) is considered as the reference, and the relative rotor angle of the th machine is found as - [10] , [14] . The sensitivity of with respect to is computed as (8) However, individual speed deviation is considered here (and not relative speed deviation) because of the nonzero damping.
The center of inertia (COI) can also be used as reference instead of one of the machines. The COI angle and speed are given by (9) (10) where (11) (12) The COI referenced rotor angles and speeds are given by (13) (14) Equations (4) and (5) can be modified using (13) and (14) . Then proceeding as before, the rotor angles and speeds in the COI reference frame can be obtained. However, relative rotor angle formulation involves lesser analytical work.
Trajectory sensitivities give us information about the effect of change of parameter on individual state variables and hence on the generators (to which the particular state variable correspond) of the system. However, to know the overall system condition, we need to sum up all these information and develop a suitable metric. To achieve this goal, the norm of these sensitivities of and are calculated. Other metrics can also be developed including the TEF itself without computing UEP as reported in [4] . The sensitivity norm for an machine system is given by (15) . It was observed that the contribution of the frequency deviations to the norm is very negligible. However, it is retained here to reflect the general theory of TS. Then a new term (ETA) is introduced [4] , which is defined as in (15) (16) As the system moves toward instability, the oscillation in TS will be more, resulting in larger values of (t). This will result in the smaller values of . Ideally, should be zero at the point of instability. Therefore, the value of gives us an indication of the distance from instability. In this paper, TS with respect to fault clearing time and the corresponding has been used for assessing the relative stability margins of the system.
III. EFFECTS OF SERIES COMPENSATION
ON TRANSIENT STABILITY The study systems considered are the WSCC three-machine nine-bus system shown in Fig. 1 [10] and the IEEE 16-machine 68-bus system [11] shown in Fig. 2 .
A. Variation of With Fault Clearing Time
Let us first investigate the effect of variation of fault clearing time on TS and in the uncompensated system. A three-phase fault is simulated in one of the lines of the nine-bus system. The simulation is done in three phases. To start with, the pre-fault system is run for a small time. Then a symmetrical fault is applied at one end of a line. Simulation of the faulted condition continues until the line is disconnected from the buses at both of the ends of the faulted line after a time s. Then the post-fault system is simulated for a longer time (say, 10 s) to observe the nature of the transients. We start with s (which is six cycles for a 60-Hz system) and compute the TS and . Then the is increased in steps to observe the change in TS in the post-fault phase as represented by . The results are given in Table I . As expected, an increase in reduces the value of , indicating a reduction in transient stability margin. Also it can be seen that is minimum for a fault in line 7-8 (at any particular value of ), indicating proximity to instability. On the other hand, is much higher for fault in line 4-6, 5-7, or 6-9 (at any particular value of ), indicating a more stable system. This can be verified from the results of PSCAD/EMTDC simulation. Plots of relative machine angles delta-31 are shown in Fig. 3 (a) for faults ( s) in lines 7-8 and 6-9. Larger oscillation in case of fault in 7-8 also indicates proximity to instability and supports the corresponding lower value of . Therefore, it can be said that gives a fair idea about the transient stability margin of the system.
The same study is carried out in the 68-bus system. The initial is 0.05 s here, and it is increased in steps as before. These results are also given in Table I . The value of is found to vary widely for fault in different lines, indicating different stability margins. For example, is very low (0.0103) for a fault in line . Also for faults in lines 26-25, 24-23, and 3-2, the values of are 0.0167, 0.297, and 0.0404, respectively. These indicate that the system comes very close to instability for fault in these lines. However, for fault in line 1-47, 33-34, or 43-44, the values are much higher (0.1314, 0.1341, and 0.1412, respectively), indicating comparatively stable system. These results can be verified from Fig. 3(b) , which shows the post-fault excursions of relative rotor angles delta4-16 for fault in line 16-15 and line 33-34. It can be seen that the oscillation in relative rotor angle is much more in case of fault in line 16-15, indicating a less stable system. For further verification, the relative rotor angles of all the machines are plotted in the same figure. Responses of all relative rotor angles for a fault in line 16-15 are shown in Fig. 4(a) , and those for a fault in line 33-34 are shown in Fig. 4(b) . It is clear from the figures that the oscillations are much more in the first case.
As described in Section II-C rotor angles referred to COI frame can also be used instead of referring them to the rotor angle of one reference machine. This is also done here, and the values for a few cases are given in Table II . It can be seen that the results are similar to the corresponding results shown in Table I , e.g., out of the three fault locations in 68-bus system, is smallest for a fault in line 16-15 and largest for fault in 33-34. These are in accordance with Table I . Similarly, in case of the nine-bus system, the highest and lowest (out of the three cases shown) are for fault in lines 6-4 and 8-7, respectively. This also matches with Table I .
These can be verified by plots of the rotor angles referred to COI frame. For comparison with Fig. 3(b) , Delta 4 is plotted in Fig. 5(a) for the same two cases, i.e., fault in line 16-15 and line 33-34. It is to be noted that the plots in the two figures are different in terms of shape and magnitude because of the use of different reference frames in the calculation of the relative rotor angles. However, these figures are shown here to verify the fact that both of them carry the same information about relative stability of the system on the occurrence of fault at two different locations. Therefore, the comparison between the oscillations of the relative rotor angles in the two cases (fault in line 16-15 and 33-34) is the relevant factor here. It can clearly be observed in both the figures that the relative rotor angle oscillates much more in case of a fault in line 16-15 than in case of a fault in 33-34. This implies that the former is more prone to instability than the latter. Therefore, in spite of different shape and magnitude, both of the figures tell us the same information about relative stability condition. Plots of the rotor angles of all the machines in COI reference frame are shown in Fig 5(b) for the case of fault in line Fig. 4(b) ].
TSA and can also be used to estimate the critical clearing time as in [4] . Fig. 6(a) shows the variation of with clearing time for a fault in line 6-9 of the nine-bus system. Simulation is done with system load as constant PQ, and it is converted to constant impedance when problems with convergence are encountered (e.g., at larger clearing time). As discussed before, decreases with increase of clearing time. At the point of instability, is expected to be zero. The corresponding clearing time is . It is apparent from the figure that the plot is almost linear near . Therefore, if we take two points in this linear zone and extrapolate the line connecting them to intersect line, we get the estimated value of , as is done in Fig. 6(b) . Power system operators have a fair idea about the approximate range of . With that knowledge, one can easily find an estimate of using the above method. The estimated and the corresponding actual values found from simulation for a few cases are given in Table III . It is clear that the estimated and actual values match quite closely.
B. Series Compensation: Modeling of TCSC
Series compensation is provided here by putting a TCSC in one of the lines of the power system. The TCSC model is given in Fig. 7 . The TCSC capacitor voltage , inductor current relationship is also shown in this figure where is the firing angle of the thyristors, measured from the zero crossing of the capacitor voltage. The overall reactance of the TCSC is given in terms of the firing angle as [15] (17) where Here is the fundamental frequency capacitance of the TCSC and is equal to 1/ . It is to be noted that in this paper, the TCSC is operated only in the capacitive mode. The capacitive reactance of the TCSC is chosen to be half of the reactance of the line in which the TCSC is placed, and the TCR reactance is chosen to be one third of The net reactance of the line is calculated as the difference between the line reactance and the TCSC reactance.
C. Effect of Compensation With TCSC
The TCSC is now placed in different lines of the system, one at a time. The firing angle of the TCSC is chosen between 140 and 180 so that the TCSC is in the capacitive mode. The value changes for different locations and firing angles of the TCSC, indicating changes in the transient stability condition. The variation of for different locations of fault and TCSC in the nine-bus system with firing angles of 160 and 145 are shown in Table IV . A firing angle of 145 is very close to resonance, and a firing angle of 160 gives a stable TCSC operation. Therefore, study at these two operating conditions provides an overall trend of the system behavior. The values of for the uncompensated system (termed as ) are also given in the first column of the table for comparison. In all these cases, is taken to be 0.15 s.
Next, the effect of TCSC placement is studied in the 68-bus system as well. Five of the cases given in Table I are chosen for study, which are fault in line 3-2, 26-25, 1-47, 11-10, and 33-34. TCSC is placed in several locations for each of these Tables IV and V. 1) The best possible location of TCSC varies with fault location: In the nine-bus system, for a fault in line 5-7, the transient stability of the system improves the most when the TCSC is placed in line 6-9. Therefore, it is termed as the best possible location. However, this best possible location changes to line 5-7 when the fault takes place in one of the lines 8-9, or 6-9. When the fault is in 6-4 or 8-7, the best possible location is dependent on the value of . 2) Improvement in stability margin due to TCSC varies: The system stability conditions are poor for faults in lines 7-8 or 8-9. Compensation with TCSC does not improve the condition by a large margin, but for fault in other lines, the effect of TCSC is considerable. 3) Assessment of stability margin for different TCSC locations is necessary: TCSC causes improvement of stability in most of the cases. However, it is to be noted that there are cases when system stability may even deteriorate with the placement of TCSC in some of the lines. For example, for a fault in line 6-9, the value of in uncompensated system is 0.2004. It falls to 0.0915 when a TCSC is placed in line 6-4 and the firing angle is set at 145 . Therefore, it is important to judge the system stability condition with different TCSC locations and firing angles for operating in the stable operating range. 4) Trends are similar in the 68-bus system also: The effect of TCSC on system stability margin varies depending on the locations of fault and TCSC in the 68-bus system also. It can be seen from the results that with fault in line 3-2, the placement of TCSC in line 50-52 improves the system stability as indicated by the increase in value from 0.0404 (base case) to 0.0688. On the other hand, placement of the TCSC in line 3-4 drags the system more near to instability as indicated by the fall in the value of to 0.0314. Similarly, for a fault in lines 26-25, 11-10, 33-34, and 1-47, the system stability condition improves most with the TCSC in lines 26-29, 8-9, and 49-52, respectively, out of the ten lines considered in each case. 5) Distance of TCSC from fault is not the deciding factor:
Another important point is that placing the TCSC in lines adjacent to the faulty line is not necessarily beneficial. For example, in case of a fault in line 11-10, the stability margin deteriorates with the TCSC in 6-11, one of the adjacent lines, whereas it improves with the TCSC in 8-9, which is not in the vicinity of the faulty line. Similar is the case for fault in line 3-2, where 3-4 is an adjacent line, whereas 50-52 is far away. The simulation results to verify the changes in system stability condition with placement of TCSC are shown in Figs. 8  and 9 . A fault of duration 0.15 s is simulated in line 6-9 of the nine-bus system. The responses of relative machine angle delta3-1 are shown in Fig. 8 for two cases: 1) the TCSC placed in line 4-6 and 2) TCSC placed in line 5-7. The firing angle of TCSC is 160 in both of the cases. It is clear that the maximum peak of the response is much lower in case of TCSC in line 5-7, which indicates a higher transient stability margin. This is in accordance with the higher value of for the TCSC in line 5-7 than in line 4-6 in the corresponding cases in Table IV . Similarly for a fault in line 11-10 of the 68-bus system (with s), the plots of delta7-16 are shown in Fig. 9 for 1) TCSC placed in line 6-11 and 2) line 8-9. It is clear from the figure that the oscillations reduce when the TCSC is placed in line 8-9, indicating a more stable system. The stability margin increases further when the firing angle of the TCSC is changed to 145 as indicated by an increase in the value of to 0.0993.
IV. EFFECTS OF SHUNT COMPENSATION ON TRANSIENT STABILITY OF THE SYSTEM
Next, the effect of shunt compensation is studied. Shunt compensation is provided by connecting a STATCOM at the midpoint of one of the lines of the system.
A. Modeling of STATCOM
The STATCOM is modeled by a voltage source connected to the power system through a coupling transformer. The voltage of the source is the output of a voltage-sourced converter (VSC) realizing the STATCOM. As shown in Fig. 10 , the connection is assumed at the midpoint of the transmission line. The phase angle of the source voltage is the same as that of the midpoint voltage. This ensures that there is exchange of only reactive power and no real power between the STATCOM and the ac system [16] , [17] . The expressions for the current flowing from the STATCOM to the system and the reactive power injection are given as (18) (19) where is the magnitude of the voltage of the voltage-sourced converter and is the magnitude of the voltage at the midpoint of the line, is the phase angle of the mid-point voltage, and is the leakage reactance of the coupling transformer. The value of determines the direction (and hence nature) of the reactive power flow. If it is higher than the magnitude of the line midpoint voltage , then reactive power is injected to the ac system, whereas if the line midpoint voltage magnitude is higher, then reactive power will be drawn from the ac system. In this paper, only the reactive power injection mode of operation (i.e., ) is considered. The leakage reactance of the coupling transformer is taken to be 0.1 p.u.
A constant value of source voltage magnitude may result in a very high value of current drawn from the STATCOM , especially during fault conditions. To avoid this, a maximum limit, denoted by , is set for the STATCOM current. In a practical system, this current limit is decided by the rating of the STATCOM. Once the current reaches the limit , STATCOM behaves like a constant current source. To incorporate this feature in the simulation, is kept constant at the pre-specified value (denoted by ) when . However, whenever the value of exceeds , the value of is adjusted such that becomes equal to .
B. Effect of Compensation With STATCOM
Similar to the previous case, a three-phase fault is simulated in one of the lines with s for the nine-bus system and s for the 68-bus system. The STATCOM is connected to the midpoint of one of the lines. To ensure the reactive power injection mode of operation, the magnitude of the voltage of the STATCOM is set at a value higher than the magnitudes of the pre-fault line midpoint voltage. The magnitudes of pre-fault midpoint voltages of different lines of the nine-bus system are found to range between 1.009 and 1.025 p.u. Therefore, the specified STATCOM voltage magnitude, , is taken to be 1.05 p.u. or more. The value of is set at 0.8 p.u. when the is 1.05. Similarly for p.u., is set at 1.0 p.u. This value of is chosen such that the STATCOM current does not hit the limit in steady state. The variation in and hence the transient stability condition is studied with the STATCOM placed in different lines. The effect of changes in the amounts of compensation on the system stability is also observed by changing the value of . The results are given in Table VI . The values of are given for comparison.
Similarly, the results for the 68-bus system are given in Table VII . The same five cases studied in Section III-C (fault in 3-2, 26-25, 11-10, 33-34, and 1-47) are considered here also. STATCOM is placed in several locations with for each of the five cases, and the changes in are observed. The corresponding values of are shown in the table. The observations from the tables are listed below. 1) Best possible location of the STATCOM varies: The best possible location for STATCOM placement is found to vary with the changes in fault location. For example, placing the STATCOM in line 8-9 of the nine-bus system results in the maximum value of when the fault is in line 6-4, 5-7, or 6-9. However, for a fault in line 8-7, the best possible location is line 6-9. 2) STATCOM may also cause deterioration of stability: Arbitrary placement of the STATCOM is not always beneficial, e.g., stability margin increases with placement of STATCOM in line 28-29 of the 68-bus system for a fault in line 26-25, whereas stability condition deteriorates with placement of STATCOM in line 34-35 for a fault in 26-25 as indicated by the decrease in . 3) Increase in does not ensure improvement in stability in all cases: Increase in improves the stability condition in most of the cases. However, in some cases, it has a reverse effect. For example, for a fault in line 6-9 and the STATCOM placed at 6-4, decreases as the value of is increased from 0.8 to 1.0 p.u. Fig. 11 shows the responses of relative rotor angle delta-31 to a fault in line 6-9 of the nine-bus system (with s) for two different locations of the STATCOM, line 4-6 and line 8-9 ( in both cases). The oscillation of the response is much more in case of the compensator in line 6-4, indicating a poor stability condition. It can be checked from Table VI that the corresponding value of is also less. Similarly, Fig. 12 shows the response of relative machine angle delta9-16 for a fault in line 26-25 of the 68-bus system for 1) system without STATCOM and 2) STATCOM located in 28-29. Larger oscillation in the former case supports the result of Table VII. The discussion in Sections III and IV can be summarized with the following words.
It is found that the best possible location of the FACTS devices (in terms of transient stability improvement) is not fixed for a particular system; rather it varies depending on the location of the fault. However, the system operators and planners generally do have information regarding fault prone lines, and therefore, this TSA-based method can be used in such cases to find out the best possible location for the FACTS device. Also this method itself can help in identifying the locations where a fault will cause maximum damage to the system. Though the FACTS devices cause improvement of system stability margin in the majority of the cases, it may effect deterioration for some combinations of fault and FACTS device locations.
The increase of compensation by change of of the TCSC or of the STATCOM may cause improvement or deterioration in stability, depending upon the locations of compensators. TSA can help in this assessment. It is quite clear that before compensating a power system with FACTS devices to improve transient stability, we need to assess the system stability conditions for different locations of the fault and the compensator and also with different amounts of compensation. The above studies show that TS and can help in making that assessment.
V. SIMULTANEOUS APPLICATION OF SERIES
AND SHUNT COMPENSATION The TCSC and STATCOM are now placed in an ac system simultaneously at different places. The effect of placement of the two compensators at various locations on the transient stability of the system is studied. A comparison of the individual effects of the TCSC and the STATCOM with those for the two devices applied simultaneously is carried out.
A. Comparison of Individual and Combined Effects
If both TCSC and STATCOM cause improvement in stability individually when placed in some locations, then their simultaneous placement in those particular locations results in larger improvement of stability in comparison to their individual effects. Examples of this are shown in Table VIII . For a fault in line 6-4, putting a TCSC alone in line 6-9 with improves stability condition ( increases from the base value of 0.2018 to 0.3074) and putting the STATCOM alone in line 8-9 with also improves stability ( increases to 0.2656). When the two devices are placed simultaneously in these two locations, the stability condition of the system improves further ( increases to 0.5698). Similar is the case of fault in line 6-9. Here TCSC in 5-7 and STATCOM in 8-9 cause improvement in stability individually. On simultaneous placement of the two devices at these particular locations, the improvement of stability is more than the individual effects. This is verified by the plots of relative rotor angle delta 2-1 (see Fig. 13 ) for the three cases mentioned above. We can see that the oscillations are much less for the case of simultaneous compensation, which indicate a more stable system. However, the best possible location of the compensators for simultaneous placement may be different from those for individual placement. A comparison of best locations of compensators for individual and simultaneous placement is shown in Table IX . The fault clearing time is taken as 0.15 s for the nine-bus and 0.10 s for the 68-bus system. The firing angle of TCSC and STATCOM current magnitude limit are mentioned in the first column. It can be seen from the table that for a fault in line 6-9 in the nine-bus system (with and ), the individual best locations are the same as the best locations for simultaneous placement of the devices (line 5-7 for TCSC and line 8-9 for STATCOM). However, for a fault in line 5-7, the best locations for individual (line 6-9 for TCSC and line 8-9 for STATCOM) and simultaneous placement (line 6-9 for TCSC and line 8-7 for STATCOM) are different. Similarly, in the 68-bus system, also the best locations differ for a fault in line 11-10. The best location for TCSC and STATCOM are lines 8-9 and 14-15, respectively, for individual placement. However, when the devices are placed simultaneously, the best location combination is 8-9 for TCSC and 13-14 for STATCOM.
B. Effect of Change in Operating Condition: Overloaded System
The study up to this point is carried out with the system loads at their nominal values. Let us investigate the effects of compensation by TCSC and STATCOM in a stressed system. Overload may be a possible reason of stress on the system. Therefore, studies similar to that described in Sections III, IV, and V-A are carried out for the system with increased load in one load bus at a time. All of the three generators share this extra load in the ratio of their generation at nominal load. Tables X and XI show a comparison of effects of compensation by FACTS devices on the nine-bus system at nominal loading condition and overloaded condition. The load is increased by 20% in one of the three load buses (bus 5, 6, and 8) at a time, and compensation is provided by a TCSC and a STATCOM simultaneously at two different locations. A comparison of best possible locations of the FACTS devices (in terms of improvement of stability margin) in nominally loaded and overloaded system is shown in Table X . The value of is 145 and is 1.0. Table XI shows the variation of for different locations of TCSC and STATCOM when there is a fault in line 8-9. The value of is 160 and is 1.0. Twenty percent overloading is considered at bus 6. The value of is taken as 0.15 s. The most important point to be noted from the results is that the best possible locations for compensator placement (in terms of improvement of transient stability) may be different in an overloaded system from those in the nominally loaded system for some of the cases. For example, for a fault in line 8-7 (with and ), the best locations in the overloaded system are the same as the best locations for nominally loaded system (line 5-7 for TCSC and line 6-9 for STATCOM) when the overloading is done at bus 6. However, for overloading at bus 8, the best locations for overloaded system (line 5-7 for TCSC and line 8-9 for STATCOM) are different from those of the nominally loaded system. Again, from Table XI, it can be seen that for a fault in line 8-9 and the TCSC placed in line 5-7, the best possible location of the STATCOM is line 6-9 for both nominally loaded and overloaded system. However, for a fault in the same line and TCSC in line 4-5, the best possible location of STATCOM changes from line 6-9 in nominally loaded system to line 5-7 in overloaded system. A summary of the observations of this section is presented below.
• It is found that in some cases, the best-suited placement locations of the compensators for simultaneous use of the devices are different from the suitable locations for their individual use.
• The effects of FACTS devices on a stressed system may vary from those in a nominally loaded system. • Therefore, separate assessments of transient stability are to be done for combined application of two FACTS devices in different operating conditions. TS and can help in making that assessment.
VI. CONCLUSION
This paper presents the trajectory sensitivity analysis of a power system compensated by series and shunt FACTS devices like TCSC and STATCOM. TSA is used here to assess the transient stability condition of the system. The inverse of the maximum value of the norm of the sensitivities of all the states is used as a measure of transient stability margin. This obviates the need for doing repeated simulations up to . At any operating condition, an idea about the system's distance from instability can be obtained by computing . Thus, the number of simulations to be done reduces considerably. The value of can also be estimated using this method. One of the generators has been taken here as the reference. It has been shown that COI can also be used as reference, and the results in these two cases provide similar information.
A comparative study of variation of transient stability condition on application of TCSC and STATCOM individually vis-á-vis the effect of their simultaneous application has been made. The best possible locations of the FACTS devices are found to vary with the location of the fault and the operating criteria of the devices. TS and can be used to identify these locations. In some cases, the FACTS device may have some adverse effect on system stability. Also an increase in compensation by the FACTS devices does not ensure an enhanced stability margin. Therefore, evaluation of the system stability condition is required for better and safer system operation. This evaluation can be done using TS. The best possible location for stability improvement for simultaneous placement of the devices may differ from the best locations for individual placement. Therefore, separate stability assessment is needed for the simultaneous operation of the compensators. Also the best possible locations of the devices change in a stressed system. All these underline the importance of a tool for transient stability assessment like trajectory sensitivity.
